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in Treatment of Infections by Gram-Negative Pathogens in Naive and
Immunosuppressed Mice and on the Efficacy of Ciprofloxacin in an
Acute Murine Model of Septicemia
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Murine models of infection were used to study the effect of linezolid on the virulence of Gram-negative bacteria and to assess
potential pharmacodynamic interactions with ciprofloxacin in the treatment of these infections, prompted by observations from
a recent clinical trial. Naive and immunosuppressed mice were challenged with Klebsiella pneumoniae 53A1109, K. pneumoniae
GC6658, and Pseudomonas aeruginosa UC12120 in acute sepsis and pulmonary infection models, using different serial dilutions
of these pathogens (groups of 8 animals each). Linezolid (100 mg/kg/dose) was administered orally at 0.5 and 4.0 h postchallenge
in the sepsis model and at 4 h postchallenge followed by 2 days of twice-daily treatment in the pulmonary model. Further, cipro-
floxacin alone and in combination with oral linezolid was investigated in the sepsis model. Survival was assessed for 4 and 10
days postchallenge in the systemic and respiratory models, respectively. The data were fitted to a nonlinear regression analysis to
determine 50% lethal doses (LD,s) and 50% protective doses (PD5s). A clinically relevant, high-dose regimen of linezolid had
no significant effect on LD, in these models. This lack of effect was independent of immune status. A combination of oral cipro-
floxacin with linezolid yielded lower PD5,s than oral ciprofloxacin alone (ciprofloxacin in combination, 8.4 to 32.7 mg/kg; oral
ciprofloxacin, 39.4 to 88.3 mg/kg). Linezolid did not improve the efficacy of subcutaneous ciprofloxacin (ciprofloxacin in combi-

nation, 2.0 to 2.4 mg/kg; subcutaneous ciprofloxacin, 2.0 to 2.8 mg/kg). In conclusion, linezolid does not seem to potentiate in-
fections caused by Gram-negative pathogens or to interact antagonistically with ciprofloxacin.

inezolid, an antibacterial agent of the oxazolidinone class, has

demonstrated broad activity against many clinically important
Gram-positive pathogens, including methicillin-resistant Staphy-
lococcus aureus, coagulase-negative staphylococci, vancomycin-
resistant enterococci, penicillin-resistant Streptococcus pneu-
moniae, viridans group streptococci, and various serotypes of
beta-hemolytic streptococci, and against more rarely isolated
pathogens (2, 4, 5, 10). Linezolid is ineffective against most aero-
bic Gram-negative bacteria, which necessitates combination ther-
apy if a concomitant Gram-negative pathogen is documented or
suspected.

A recent open-label, multicenter, comparative, phase 3 clinical
trial showed linezolid to be noninferior to vancomycin in patients
presenting with complicated skin and skin structure infections
and catheter-related bloodstream infections due to Gram-positive
pathogens (22). However, a mortality imbalance (linezolid group,
21.5%; control group, 16.0%) was observed at 12 weeks posttreat-
ment in the overall intent-to-treat population of that study. Ka-
plan-Meier survival curves revealed that much of this imbalance
occurred in patients with Gram-negative pathogens or those who
had negative culture results at baseline, rather than the primary
analysis population. Notably, less than half of patients with infec-
tions caused by Gram-negative organisms in both the linezolid
and control groups appeared to have received adequate antibiotic
therapy (defined as =1 antibiotic active against the organism
within 24 h of culture) for these infections (22). Furthermore, the
authors found no evidence that the mortality imbalance could be
attributed to adverse effects of linezolid therapy, such as effects on
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cytokine production or neutrophil function, or antagonism (22).
However, a specific reason for this imbalance could not be deter-
mined with certainty, due to the post hoc nature of these analyses.

The objective of the present study was to determine whether
administration of linezolid at clinically relevant concentrations
would increase or alter the virulence of representative infections
caused by the Gram-negative pathogens Klebsiella pneumoniae
and Pseudomonas aeruginosa, using murine models of septicemia
and pulmonary infections. An additional aim of the investigation
was to explore whether linezolid adversely affected the 50% pro-
tective dose (PDs,) and bacterial killing of concomitant Gram-
negative therapy with the fluoroquinolone ciprofloxacin, consid-
ering that patients with mixed infections with Gram-negative and
Gram-positive organisms are often treated with a combination of
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antibacterial agents. The possibility of a pharmacokinetic interac-
tion between linezolid and ciprofloxacin in infected mice was also
investigated.

MATERIALS AND METHODS

Bacterial strains. Three clinical Gram-negative isolates were used in these
in vivo studies. K. pneumoniae 53A1109 is an extended-spectrum 3-lacta-
mase (ESBL)-positive isolate possessing TEM-1, OXA-9, multiple SHVs,
and AmpC {-lactamase genes. This organism is resistant to amikacin,
aztreonam, many cephalosporins, and (3-lactam antibiotics. K. pneu-
moniae GC6658 is a penicillin- and macrolide-resistant ESBL-positive
isolate. P. aeruginosa UC12120 is a fluoroquinolone-sensitive strain.

All organisms were obtained from the Pfizer bacterial culture collec-
tion. Confirmation of bacterial identification and generation of initial
antibiograms was conducted using a BD Phoenix automated microbiol-
ogy system (BD Diagnostics, Sparks, MD). MIC testing of the K. pneu-
moniae and P. aeruginosa strains was conducted against ceftazidime, cip-
rofloxacin, imipenem, and linezolid according to Clinical and Laboratory
Standards Institute guidelines (3). Stock solutions used for susceptibility
testing were prepared in 3% dimethyl sulfoxide in water immediately
prior to use.

Antimicrobial agents. The antimicrobials linezolid (Zyvox tablets; lot
85HKT; Pharmacia & Upjohn Co.), ciprofloxacin (tablets; lot 5CAR;
Miles Inc.), imipenem/cilastatin (Primaxin sterile lyophile; lot 3681M;
Merck and Co.), levofloxacin (lot 446423/1; Fluka Biochemika), and cef-
tazidime (Fortaz sterile lyophile; lot 6ZP0908; Glaxo Pharmaceuticals)
were obtained commercially. Oral formulations of linezolid and cipro-
floxacin were prepared in 10% ethanol-90% methylcellulose (0.5%) and
sterile water, respectively. Ciprofloxacin, imipenem, and ceftazidime were
reconstituted in sterile water for subcutaneous administration. Dilution
of compounds into dosing vehicles was completed immediately prior to
administration.

Animal studies. All procedures involving animals were conducted in
accordance with guidelines established by the Pfizer Institutional Animal
Care and Use Committee. Experiments to determine the effect of linezolid
on the 50% lethal dose (LD of K. pneumoniae 53A1109, K. pneumoniae
GC6658, and P. aeruginosa UC12120 were conducted in both naive and
immunosuppressed mice. Animals were housed in groups of 5 to 10 mice
per cage and given access to food and water ad libitum for all studies. For
immunosuppression studies, animals were rendered transiently neutro-
penic by two oral doses of cyclophosphamide monohydrate (Sigma-Al-
drich, St. Louis, MO). The first dose (150 mg/kg in 0.2 ml sterile water)
was administered 4 days prior to infection, and the second dose (100
mg/kg in 0.2 ml sterile water) was administered 1 day prior to infection.

Acute septicemia model. Groups of 8 CF-1 female mice (Charles
River Laboratories) were infected intraperitoneally with serial 10-fold di-
lutions of K. pneumoniae 53A1109 or K. pneumoniae GC6658 in 3% brew-
er’s yeast (Sigma-Aldrich, St. Louis, MO). Inocula were prepared from
frozen stock with 100 pl spread on a 5% sheep blood agar plate and
incubated overnight at 37°C. The plate was washed with brain heart infu-
sion broth (BHIB) and diluted to a targeted inoculum per mouse to be
delivered in 0.5 ml. For LDy, studies, conducted as two separate experi-
ments (see Table 1 for details), the inocula ranged from about 0.1 to 9.2
log,, CFU/group, depending on strain and immune status. For each
pathogen and at each inoculum, the LD, was determined in both naive
and immunosuppressed mice with and without linezolid treatment
(dosed at 100 mg/kg at 0.5 and 4.0 h postinfection, yielding a total dose of
200 mg/kg). For the PDj studies, which were conducted as 4 separate
experiments, inocula ranged from about 1.15 X 107 to 2 X 10”7 CFU/
group (see Table 2 for details). PDy, was determined for ciprofloxacin
administered orally (PO) and subcutaneously (SC), both alone and with
concomitant PO linezolid (dosed at 100 mg/kg). Ciprofloxacin was ad-
ministered at 4 doses: 1.56, 6.25, 25, and 100 mg/kg for PO ciprofloxacin
and 0.78, 3.12, 12.5, and 50 mg/kg for SC ciprofloxacin. The PD,, was also
determined for SC imipenem (at 0.30, 1.25, 5, and 20 mg/kg) and SC

4672 aac.asm.org

TABLE 1 LD,s for K. pneumoniae 53A1109, K. pneumoniae GC6658,
and P. aeruginosa UC12120 in naive and immunosuppressed mice with
and without linezolid treatment

LD, (log,, CFU/mouse) (95%

Infection and mouse v
group Treatment Expt 1 Expt 2
Acute septicemia with K.
pneumoniae
53A1109
Naive None 5.1(3.4-6.7)" 5.0 (3.4-6.6)°
Naive Linezolid 5.8 (3.9-7.7)¢
Immunosuppressed None <1.74 <1.0°
Immunosuppressed Linezolid — <1.7¢ 1.1 (1.0-1.1)¢
Acute septicemia with K.
pneumoniae GC6658
Naive None 52(3.7-6.6) 6.3 (4.3-8.3)¢
Naive Linezolid 7.0 (4.6-9.3) 6.2 (4.3-8.2)¢
Immunosuppressed None <22k <0.1°
Immunosuppressed Linezolid — <2.2" 0.7 (—0.4-1.8)
Pulmonary infection with
P. aeruginosa
UCI12120
Naive None 7.7 (3.2-12) 6.8 (1.8-12)F
Naive Linezolid
Immunosuppressed None 1.1 (0.6-1.6)" 2.2 (0.7-3.8)"
Immunosuppressed Linezolid 1.4 (1.3-1.5) 1.9 (1.1-2.8)™"

@ Determined from groups of mice (n = 8 each), with each group receiving a different
bacterial infection dose (increasing 10-fold from group to group); experiments were not
duplicates. The 95% Cls were parametric.

b Determined from 6 groups of mice, with infection doses ranging from 2.74 to 7.74
log,, CFU.

¢ Determined from 6 groups of mice, with infection doses ranging from 3.04 to 8.04
log,, CFU.

4 Determined from 6 groups of mice, with infection doses ranging from 1.74 to 6.74
log,, CFU.

¢ Determined from 6 groups of mice, with infection doses ranging from 1.04 to 6.04
log,, CFU.

/Determined from 6 groups of mice, with infection doses ranging from 4.15 to 9.15
log,, CFU.

¢ Determined from 6 groups of mice, with infection doses ranging from 4.10 to 9.10
log,, CFU.

" Determined from 6 groups of mice, with infection doses ranging from 2.15 to 7.15
log,, CFU.

 Determined from 6 groups of mice, with infection doses ranging from 0.10 to 5.10
log,, CFU.

/ Determined from 4 groups of mice, with infection doses ranging from 4.1 to 7.1 log,
CFU.

kK Determined from 4 groups of mice, with infection doses ranging from 3.9 to 6.9 log,
CFU.

! Determined from 4 groups of mice, with infection doses ranging from 0.1 to 3.1 log,,
CFU.

" Determined from 4 groups of mice, with infection doses ranging from <0.1 to 2.9
log,, CFU.

ceftazidime (50 mg/kg) as control agents. For the PD5, experiments, all
agents were administered at 0.5 and 4 h postinfection. In all experiments,
animal survivorship was assessed for 4 days following bacterial challenge,
and LDy s and PDy s were determined from nonlinear regression analysis
of the data using GraphPad Prism version 3.02 (GraphPad Software, La
Jolla, CA).

Pulmonary infection model. Groups consisting of 8 isoflurane-anes-
thetized C3H/HeN female mice (Charles River Laboratories) were in-
fected intranasally with serial 10-fold dilutions of P. aeruginosa UC12120
by placing 40 pl of bacterial suspension in BHIB onto the external nares.
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Linezolid and Ciprofloxacin in Murine Infection Models

TABLE 2 PDs of ciprofloxacin, linezolid, and ciprofloxacin in combination with linezolid against K. pneumoniae 53A1109 in a murine model of

acute septicemia

PDs, (mg/kg) (95% CI) in expt:

Compound Route 1 2b 3t 4°
Ciprofloxacin® PO 39.4 (36-43) 88.3 (69-110) 63.4 (59-68) 77.0 (76-79)
Ciprofloxacin + linezolid PO/PO 19.1 (14-24) 22.1 (15-29) 8.4 (0.0-19) 32.7 (24-42)
Linezolid® PO >100 >100 >100 >100
Ciprofloxacin” SC 2.0 (1.8-2.1) 2.8 (2.7-2.8)
Ciprofloxacin’ + linezolid SC/PO 2.4 (0.82-3.9) 2.0 (1.0-2.9)
Imipenem/cilastatin SC 1.1 (1.1-1.1) 5.6 (—2.2-13.4) 0.79 (0.74-0.84) 1.41 (1.40-1.43)
Ceftazidime SC >50 >50 >50 >50

7 Inoculum of 2 X 107 CFU.
b Inoculum of 1.15 X 107 CFU.
¢ Inoculum of 1.5 X 10”7 CFU.

4 Each PD5, was determined from 4 groups of mice (1 = 8 per group); each group received a different ciprofloxacin dose: 1.56, 6.25, 25, or 100 mg/kg.

¢ Each PD5, was determined from a single group of mice (n = 8).

/Each PD5, was determined from 4 groups of mice (1 = 8 per group); each group received a different ciprofloxacin dose: 0.78, 3.12, 12.5, or 50 mg/kg.

Each mouse was held in a vertical position until the droplet was com-
pletelyinhaled. Inocula ranged from 0.1 to 7.1 log, , CFU/group (see Table
1 for details). The LD, was determined in naive mice without any treat-
ment and in immunosuppressed mice with and without linezolid treat-
ment. Linezolid was administered PO beginning at 4 h postinfection and
subsequently for 2 days of twice-daily therapy (i.e., at 24, 32, 48, and 56 h
postinfection) for a total of five doses. Animal survival was assessed for 10
days following bacterial challenge, and LD,s were determined from non-
linear regression analysis of the data using GraphPad Prism version 3.02.

Pharmacokinetic studies. CF-1 mice were infected intraperitoneally
with K. pneumoniae 53A1109 and at 0.5 and 4.0 h postinfection were given
either ciprofloxacin alone (50 mg/kg by oral gavage), linezolid alone (100
mg/kg by oral gavage), or both ciprofloxacin and linezolid concurrently
(50 mg/kg and 100 mg/kg, respectively, by oral gavage). Samples from
terminal bleeds were obtained at 0.25, 0.5, 1, 2, 4, 6, and 12 h after the
initial dose (5 mice/time point). Plasma was analyzed for ciprofloxacin
and linezolid concentrations using liquid chromatography-tandem mass
spectrometry (LC-MS/MS). Briefly, plasma samples were subject to pro-
tein precipitation with acetonitrile containing an internal standard (levo-
floxacin), and 5 pl of the resulting supernatant was injected onto a MAC
MOD Halo C,4 column (2.7 pm, 30 by 3 mm; MAC-MOD Analytical,
Chadds Ford, PA). The column was equilibrated with mobile phase (A, 5
mM ammonium formate with 0.05% formic acid; B, acetonitrile-mobile
phase A [80:20]) at a flow rate of 1.2 ml/min. The gradient was started at
5% B and was increased to 80% B from 0.3 to 1.4 min. Conditions were
held at 80% B until 1.6 min, were returned to starting conditions by 1.7
min, and were held for an additional 0.4 min, for a total run time of 2.1
min. Under these conditions, the retention times for ciprofloxacin,
linezolid, and the internal standard, levofloxacin, were 0.74, 0.84, and 0.73
min, respectively. The effluent was analyzed with an API-4000 mass spec-
trometer detector (AB Sciex, Foster City, CA), fitted with a turbo ion spray
interface and operated in positive-ion mode. The declustering potential,
collision energy, and collision cell exit potential, respectively, were 72, 26,
and 15 for ciprofloxacin, 46, 27, and 18 for linezolid, and 70, 30, and 20 for
levofloxacin at a temperature of 600°C. Ciprofloxacin, linezolid, and levo-
floxacin were monitored by multiple reactions monitoring at transitions
of 332.0/288.2, 338.3/296.3, and 362.3/318.0, respectively. The dynamic
range of the assay was 0.0025 to 10 pg/ml for ciprofloxacin and 0.005 to 10
pg/ml for linezolid.

Pharmacokinetic analysis. Linezolid and ciprofloxacin concentra-
tions (mean data for 5 mice per time point were used to generate a single
concentration-time curve) were fitted to a 1- or 2-compartment model
using WinNonLin version 5.2 (Pharsight, St. Louis, MO). Maximum con-
centration (C,,,,) was the highest observed concentration; T,,,,, was the
earliest time at which C, ., occurred; and the elimination half-life was
estimated as In2/k,, where k is the elimination rate constant derived
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from the slope of the log concentration-versus-time profile. The area un-
der the concentration-time curve from 0 h to the last time point (AUC,_
12) was calculated by linear trapezoidal approximation.

RESULTS

Effect of linezolid on the virulence (LDs,) of K. pneumoniae and
P. aeruginosa. LD5s expressed in terms of bacterial challenge
(log,, CFU/mouse) with K. pneumoniae 53A1109, K. pneumoniae
GC6658, and P. aeruginosa UC12120 are summarized in Table 1.
As expected, inoculum LDs,s were consistently higher in naive
animals than in those rendered neutropenic. Administration of
100 mg/kg linezolid per dose had no effect on the virulence of any
of the three Gram-negative strains evaluated, as evident from the
observation that 95% confidence intervals (CIs) overlapped with
those from non-drug-treated animals. This was the case for im-
munocompetent as well as immunosuppressed mice.

Efficacy (PDs,) of ciprofloxacin, linezolid, and the combina-
tion of ciprofloxacin and linezolid against K. pneumoniae
53A1109 in a model of acute septicemia. The PD5s of ciprofloxa-
cin (MIC = 0.5 pg/ml), linezolid (MIC > 256 pg/ml), and cipro-
floxacin dosed in combination with linezolid are presented in Ta-
ble 2. PDs for linezolid were >100 mg/kg in all experiments, and
mean PDss for ciprofloxacin were 67 and 2.4 mg/kg following PO
and SC administration, respectively. PDss for ciprofloxacin fol-
lowing SC administration were approximately 30-fold lower than
values reported after PO dosing in the same experiments. Coad-
ministration of linezolid resulted in significantly lower oral PD5,s
for PO ciprofloxacin (as evident from the respective nonoverlap-
ping 95% Cls). No changes in cytokine levels were observed be-
tween monotherapy and the combination (data not shown).
Comparator control drugs, imipenem and ceftazidime, demon-
strated consistent PD5.s of 0.8 to 5.6 mg/kg and >50 mg/kg, re-
spectively, across all 4 experiments.

Pharmacokinetics of ciprofloxacin and linezolid in infected
mice. Pharmacokinetics of ciprofloxacin and linezolid PO admin-
istration are summarized in Table 3. Exposure of ciprofloxacin
following PO administration of 50 mg/kg doses at 0.5 and 4 h
postinfection demonstrated a C,,,, of <1 pg/ml. The plasma con-
centration over time of ciprofloxacin alone compared to cipro-
floxacin coadministered with linezolid is shown in Fig. 1. Overall,
linezolid appeared to have little effect on the pharmacokinetics of
ciprofloxacin.
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TABLE 3 Pharmacokinetics of ciprofloxacin and linezolid in infected
mice following twice-daily PO administration?

Compound (dose

[mgrkg] X) Toax () Crax (pg/ml)  AUC,_;, (g - h/ml)
Ciprofloxacin (50) 12.0 0.93 8.11
Ciprofloxacin (50),in 6.0 1.32 9.16
combination
Linezolid (100) 6.0 38.0 355.0
Linezolid (100), in 6.0 46.8 362.8
combination

“ Each treatment group consisted of 35 mice; animals were sacrificed at 0.25, 0.5, 1, 2, 4,
6, or 12 h postdose (5 mice per time point). The resulting mean data were used to
generate a single concentration-versus-time profile for each treatment group, and the
resulting pharmacokinetic parameters were calculated from that profile; hence, no
statistical comparisons are shown.

DISCUSSION

Since combination therapy is often needed for the effective treat-
ment of a potential mixed bacterial infection, careful consider-
ation of appropriate agents to provide optimum treatment is of
utmost importance. Whereas synergistic combinations are ideal
in a setting where pathogens are known, it seems even more crit-
ical that combinations of agents employed to ensure broad-spec-
trum coverage in empirical therapy do not result in antagonism.
Since the major spectrum limitation for linezolid is a lack of
Gram-negative activity, it is important to establish that the use of
B-lactams with Gram-negative activity, quinolones, or other ap-
propriate Gram-negative antibacterial agents is unlikely to result
in antagonism when used in combination therapy with linezolid
against a potential mixed infection. Using fractional inhibitory
concentration (FIC) indices and a checkerboard approach, a com-
prehensive in vitro investigation that studied the activity of
linezolid in combination with 35 other antimicrobial agents
against Gram-positive and Gram-negative organisms revealed a
mostly indifferent response (1,369 out of 1,380 linezolid-drug
combinations) (20). Linezolid plus amoxicillin resulted in synergy
against 3 strains of methicillin-resistant S. aureus. Low levels of
antagonism were only observed with combinations using ofloxa-
cin and sparfloxacin against E. faecalis. Although the FIC index
derived using the checkerboard technique is both popular and
simple to obtain (15), it has several well-documented limitations
(9). A more recent in vitro study of linezolid, daptomycin, and
vancomycin suggested there was some attenuation of activity
against Escherichia coli ATCC 25922 when linezolid was used in
combination with ceftazidime or aztreonam at 48 h in an in vitro
pharmacodynamic model (IVPM) system (11). However, in a
separate study, no antagonism was observed in an IVPM system
using linezolid in combination with aztreonam or ceftazidime at
clinically relevant concentrations against the same E. coli strain
(6). Of note, these studies involved the use of dynamic as opposed
to static drug concentrations and are therefore potentially subject
to higher variability in pharmacodynamic response.
Extrapolation of these findings to the in vivo setting have been
limited. A pharmacokinetic evaluation of linezolid and aztreonam
showed that concomitant administration resulted in no clinically
significant changes in drug distribution disposition relative to the
pharmacokinetics established for each agent alone (17). In our
investigation, we first set out to establish whether the administra-
tion of linezolid at or above clinically relevant concentrations re-
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sulted in a difference in virulence or pathogenesis caused by clin-
ical isolates of K. pneumoniae and P. aeruginosa as assessed by an
LDs, of bacterial density. In all the experiments described in this
paper, linezolid was administered at 100 mg/kg/dose, a level that
has previously been associated with preclinical efficacy in mouse
models of infection (14, 23). In the present study, oral linezolid at
this dose level had no significant effect on LDs,s in Gram-negative
acute septicemia and pulmonary infection models. PD5, data for
K. pneumoniae 53A1109 showed that linezolid alone was ineffec-
tive against this Gram-negative pathogen, with PDs in excess of
100 mg/kg. Pharmacokinetic analysis in mice at this dose level
showed that the AUC,_,, for linezolid was approximately 360 g -
h/ml. Since protein binding of linezolid is uniformly low (about
30%) in humans (13, 16) and animals (18), the unbound AUC,_,,
in mice would thus have been well in excess of that in healthy
volunteers and patients given 600 mg PO twice daily (13, 16, 19) as
well as in patients with severe sepsis/septic shock after a single
600-mg intravenous dose (21). Since linezolid did not adversely
affect either the virulence of Gram-negative strains or the bacterial
killing of ciprofloxacin at these exposures, it seems unlikely that
this would happen at the lower exposures observed clinically. The
ciprofloxacin AUC,_,, observed in these studies appears to be
very comparable to levels seen in patients receiving PO ciprofloxa-
cin at standard doses of 500 mg or 750 mg twice daily (1); the
protein binding of ciprofloxacin in humans ranges from 20% to
40% (1, 7) and is around 38% in mice (12).

Consistent with previous in vitro checkerboard studies (6, 11,
20), there was no evidence of in vivo antagonism or synergy of the
combination of linezolid and ciprofloxacin. These findings are of
particular interest given the recent phase 3 comparison of
linezolid and vancomycin in patients with complicated skin and
skin structure infections and catheter-related bloodstream infec-
tions due to Gram-positive pathogens, in which a mortality im-
balance was reported for the linezolid arm (22). The present data
support the explanation put forward by the authors of that study,
i.e., that the imbalance may have been attributable to a lack of
adequate therapy for infections with Gram-negative organisms
(22) or, alternatively, that it may even have been a chance finding.
Our findings do not suggest that this mortality imbalance was due
to suspected effects of linezolid therapy, such as increased viru-
lence of key Gram-negative pathogens or changes in cytokine lev-

Ciprofloxacin concentration (ug/ml)

0 T T T T T T 1
0 2 4 6 8 10 12 14
Time (h)

FIG 1 Mouse plasma time-versus-concentration profiles of ciprofloxacin fol-
lowing oral administration of 50 mg/kg alone (O) or in combination with 100
mg/kg of linezolid (M) at 0.5 and 4.0 h postinfection in a murine model of
septicemia. Data are means * standard deviations for 5 mice per time point.
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els, or because of antagonism between linezolid and fluoroquino-
lones.

An interesting observation from the present study was that the
PD,,s for SC ciprofloxacin were approximately 30-fold lower than
the corresponding values for PO ciprofloxacin and were 10-fold
lower on average with SC ciprofloxacin-linezolid versus PO cip-
rofloxacin-linezolid from the same set of experiments, suggestive
of route-dependent activity. This is not a unique observation,
since a 10-fold lower 50% effective dose has been reported previ-
ously with subcutaneous versus oral ciprofloxacin in an experi-
mental systemic mouse model of K. pneumoniae infection (8).
This disparity is not entirely understood, but can be partially rec-
onciled with the relatively low oral bioavailability of ciprofloxacin
in mice (ranging from 12% to 38%) (12; Pfizer, data on file),
which is likely a key factor in the apparent administration route
dependency of the PDs,. Differences in activity attributed to a
change in immune response would be expected to be independent
of the administration route and are unlikely to explain our results.
Nevertheless, this apparent administration route dependency of
the PD5, does not affect the conclusion derived from these exper-
iments, since outcomes of monotherapy and combination therapy
were compared within each specific administration route (thus
eliminating the administration route effect).

In conclusion, linezolid, a compound lacking appreciable ac-
tivity against Gram-negative organisms, did not increase the vir-
ulence of selected strains of K. pneumoniae and P. aeruginosa when
administered in a clinically relevant, high-dose regimen, regard-
less of immune status. These results therefore suggest that line-
zolid did not potentiate infections caused by these bacteria. The
data presented here also suggest that linezolid did not interact
antagonistically with ciprofloxacin against K. pneumoniae. How-
ever, more work using in vitro dynamic model systems to further
understand the combined activity of linezolid and ciprofloxacin
against important Gram-negative pathogens is warranted.
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